improve such treatment modalities, experimental larger animal models are inevitably needed, such as those involving pigs, cats, or rabbits exhibiting a selective loss of photoreceptors.
However, genetic models in larger animals are more difficult to establish and still have not been firmly developed yet, as compared with the state of rat and mouse models [8] . In animals larger than rats and mice, photoreceptor degeneration can also be induced by the systemic application of pharmaceuticals such as iodoacetic acid [9] [10] [11] , sodium iodate (SI), or N-methyl-N-nitrosourea (MNU) [12] [13] [14] [15] [16] [17] . However, intravenous or intraperitoneal administration can induce bilateral RD and systemic toxicity [18, 19] . MNU usage leads not only to bilateral RD but also to a downturn in the general health status of the experimental animals after systemic application. Besides short-term effects caused by the toxicity of the substance, the induction of tumors has been described as a long-term effect in rabbits and rats after systemic treatment with MNU [19] , due to its DNA-alkylating mode of action. Therefore, considering animal welfare, limiting the blindness in one eye by direct drug application could be a good alternative to systemic application. Intravitreal injection to induce RD has been tried with various drugs in various kind of animals [20] [21] [22] [23] [24] [25] [26] [27] . Rösch et al. determined that intravitreal application of MNU leads to unilateral photoreceptor degeneration in mice, thereby avoiding systemic side effects [20] . Separately, in pigmented rabbit eyes, intravitreal injection of MNU induced selective but inhomogeneous photoreceptor degeneration throughout the whole retina [26] . Retinal vascular structure is different depending on the species. Rabbit retinas are especially merangiotic and avascular, meaning that retinal vessels supply blood only a small part of the retina, extending in a horizontal direction to form bands on the optic disc. On the other hand, retinas in humans, primates, and dogs are holangiotic and vascular, meaning that the whole retina is vascularized by an intraretinal circulation scheme, involving for example the central retinal artery or cilioretinal arteries [28] . Although rabbit eyes are structurally different from those of larger animals or humans, a rabbit-focused experiment to establish an animal model of RD with intravitreal MNU injection could serve to develop and improve surgical procedures and implant techniques due to the similar size of rabbits' eyes with those of humans, prior to any transition to future investigations that use larger animals or humans.
Therefore, in the present study, first, we tried to find out whether vitrectomy affects the consistency of results in outer RD induced by intravitreal injection of MNU. Second, we sought to determine the optimal intravitreal dose of MNU to induce consistent outer RD in a rabbit model. Third, we attempted to identify outer RD induced by specific injection doses of intravitreal MNU with morphological and functional assay.
MATERIALS AND METHODS

Animals
In our dose-dependence study of MNU, the right eyes of male New Zealand white rabbits (n=38), each weighing between 2.5 kg and 3.5 kg, received either an intravitreal injection of MNU without vitrectomy or intravitreal injection of MNU or sham injection at two weeks after vitrectomy. For all MNU injections, each dose of MNU was diluted in 0.05 ml of phosphate-buffered saline (PBS). Intravitreal injection of MNU without vitrectomy was performed with the following different MNU concentrations; 0.4 mg, 0.3 mg, 0.2 mg, and 0.1 mg (n=4 rabbits per concentration for 0.4, 0.3, and 0.1 mg, n=7 rabbits for 0.2 mg), and 0.05 mg (n=2 rabbits). Intravitreal injection of MNU after vitrectomy was performed with the following: sham (0.05 ml of PBS, n=2 rabbits); 0.5 mg, 0.3 mg, 0.1 mg of MNU injection (n=4 rabbits per concentration) and 0.05 mg of MNU injection (n=3 rabbits). To identify morphological changes to the retina, ultra-wide-field color fundus photography (FP) and fundus autofluorescence (AF) imaging as well as spectraldomain optical coherence tomography (OCT) were performed at one month after intravitreal MNU injection. Histological examinations with hematoxylin and eosin (H&E) stain were also performed on selected rabbit eyes at one month after injection.
In our second study, based on the results of our dose-dependence study, 0.2 mg of MNU/0.05 ml was chosen for injection into the right eyes of rabbits (n=10) two weeks after vitrectomy. FP, AF imaging, OCT, and histology were then performed six weeks after injection. To identify physiological changes to the retina, electroretinography (ERG) of the retina was also performed at the same time.
All procedures adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research (ARVO Animal Policy). Approval for this study was obtained from the Institutional Animal Care and Use Committee of the Korea University College of Medicine in Seoul, Korea.
Vitrectomy
The rabbits were anesthetized by an intravenous injection of alfaxalone (5 mg/kg; Alfaxan ® , Jurox Pty Ltd., Rutherford, Australia) into the marginal auricular vein and intramuscular injection of xylazine (4 mg/kg; Rompun ® , Bayer HealthCare Pharmaceuticals LLC, Berlin, Germany). After anesthesia, 0.5% tropicamide and 0.5% phenylephrine (Tropherine ® ; Hanmi Pharm, Seoul, Korea)
were instilled into the eye for pupil dilatation and then the eye was irrigated with 5% povidone iodide and draped for surgery. Two-port 23-gauge core vitrectomy (Associate ® system; Dutch Ophthalmic Research Center, Zuidland, the Netherlands) was performed with a direct biconcave lens (Fig. 1) . Two ports were prepared by inserting trocar cannulas into the sclera at a point 4 mm from the limbus at superoventral and superodorsal sides. Light was provided from a surgical microscope. The vitreous was removed using a vitreous cutter, while continually supplying a balanced salt solution (Alcon, Fort Worth, TX, USA).
Intravitreal injection of N-methyl-N-nitrosourea (MNU)
Animals were anesthetized as described above. Immediately prior to the injections, MNU (Oakwood Products Inc., West Columbia, SC, USA) was dissolved in PBS. The right eye of each rabbit was prepared and the corresponding dose of MNU (with a volume of 0.05 ml) was injected intravitreally at a point 4 mm posterior to the limbus using a 30-gauge needle. No injections were performed in the left eyes.
Ultra-wide-field imaging and spectral-domain optical coherence tomography FP and fundus AF images were captured using an ultra-widefield scanning laser ophthalmoscope (OPTOS 200 TX; Optos PLC, Dunfermline, UK). Spectral-domain OCT was performed using the Spectralis ® OCT system (Heidelberg Engineering GmbH, Heidelberg, Germany). The area of the visual streak below the optic disc was evaluated. Vertical and horizontal line scans as well as raster scans (33 B-scans over a 16.5-mm×16.5-mm area in a 55-degree image) were performed in high-resolution mode (1536 A-scans per B-scan, lateral resolution=10 µm/pixel in a 55-degree image). Up to 100 single images were averaged using the automatic real-time mode to obtain a high-quality mean image. Retinal thickness was measured along a horizontal line perpendicular to the retinal layers in cross-sectional images.
Electroretinography
The ERG protocol was based on the international standard for electroretinography from the International Society for Clinical Electrophysiology of Vision (ISCEV). The rabbits were anesthetized as described above and dark-adapted for 30 minutes, after dark adaptation, the pupils were dilated. The light stimulation and ERG signal recordings were performed with a commercial system (RETIcom; Roland Consult, Brandenburg an der Havel, Germany), using a contact lens electrode with a built-in light resource (Kooijman/Damhof ERG lens; Medical Workshop BV, Groningen, the Netherlands). The reference and ground electrodes were platinum subdermal needle electrodes. Reference electrodes were placed in the skin near the lateral canthus of the eyes, and a ground electrode was placed on the forehead between the two eyes.
Histological examination
Immediately after euthanasia, both eyes were enucleated and immersion-fixed in Davidson' s solution for 24 hours, dehydrated, and then embedded in paraffin. Four-micrometer sections were subsequently cut and stained with H&E. The slides were examined to detect pathological changes in the retina using a light microscope (BX-53; Olympus Corp., Tokyo, Japan) and photographed with a digital video camera (INFINITY3-1UR; Lumenera Corp., Ottawa, ON, Canada).
Immunohistochemistry
Tissue sections were deparaffinized, rehydrated, and microwaveheated in antigen retrieval buffer (1 mM of ethylenediaminetetraacetic acid (EDTA), 0.05% Tween 20, pH: 8.0). Sections were was performed following the manufacturer' s protocol. Nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI) in the same sections (AnaSpec Inc., Fremont, CA, USA). Cells stained by TUNEL were evaluated using fluorescence microscopy (T2000-U; Nikon, Tokyo, Japan).
Retinal thickness measurement and statistical analysis for retinal thinning induced by N-methyl-N-nitrosourea injection
With OCT image, per each rabbit we measured total retinal thickness at eight different inferior retinal sites located 1 disc apart from visual streak and normalized retinal thinning was calculated as [(retinal thickness after injection)-(retinal thickness before injection)/(retinal thickness before injection)]. Three out of ten rabbits which were injected with 0.2 mg MNU after vitrectomy, cataracts were found during the examination performed at six weeks after injection. Therefore, we excluded these 3 rabbits from the data pool. Only seven rabbits with vitrectomy were used for retinal thickness comparison. To compare the effect of MNU injection on retinal thickness between non-vitrectomy and vitrectomy group, statistical analysis was conducted by Student's t-test. Data are represented as mean±standard deviation (SD). The differences were considered statistically significant at p<0.05.
RESULTS
Imaging of retina in dose-dependence study of N-methyl-Nnitrosourea without pars plana vitrectomy
One month after intravitreal MNU injection without vitrectomy, no changes in the retina were observed with the lower doses of MNU (i.e., 0.05 mg and 0.1 mg) (Fig. 2a~2h) . Focal RD was noted, however, with the 0.2 mg, 0.3 mg, and 0.4 mg injections of MNU (Fig. 2i~2t) . However, in contrast to our expectations, more severe and broad retinal atrophy was induced with an injection of 0.2 mg of MNU (Fig. 2i~2l ) than with one of 0.3 mg of MNU (Fig.  2m~2p) .
Imaging of retina in dose-dependence study of N-methyl-Nnitrosourea after pars plana vitrectomy
One month after MNU injection in the vitrectomized eyes, ultra-wide-field imaging of the retina was performed. Localized geographic hyper-AF areas with strong linear hyper-AF borders were noted with 0.3 mg and 0.5 mg of MNU injection in eyes after vitrectomy (Fig. 3n and 3r) . No changes in the retina were observed in the sham-injected and lower MNU doses (0.05 mg and 0.1 mg)-injected eyes after vitrectomy (Fig. 3b, 3f, and 3j) . No significant retinal changes were observed via OCT, in the sham-and 0.05 and 0.1 mg of MNU-injected eyes after vitrectomy (Fig. 3d, 3h, and 3l) . However, in the retina of 0.5 mg MNUinjected eyes, whole retinal layer thinning was noticed in the degenerated area of the retina, while, on OCT imaging of the normal area of the retina, such looked intact (Fig. 3t) . Severe outer RD was induced in all four rabbit eyes injected with 0.3 mg of MNU following injection (Fig. 3p) . Histological examination using H&E staining is presented in Fig. 3 . In eyes that received 0.5 mg of MNU, whole retinal layer thinning was observed in the degenerated area 5 . The difference in histology with H&E staining and immunohistochemistry with PNA, Rhodopsin, PKCα, Brn3, GFAP, and TUNEL assay between the non-degenerated and degenerated areas at six weeks after intravitreal injection of 0.2 mg of MNU with vitrectomy. Histology with H&E staining showed not only the photoreceptor layer but also all layers of the retina appeared normal in the non-degenerated area (a), but loss of the photoreceptor layer was found in the degenerated area (b). In the non-degenerated area, cone and rod photoreceptor cells were normally expressed with PNA (c) and Rhodopsin staining (e), respectively. However, in the degenerated area, the cone photoreceptor cells were less expressed with PNA staining (d) and the rod photoreceptor cells were less expressed with Rhodopsin staining (f). Bipolar cells were well-expressed with PKCα staining (g, h) and ganglion cells were well-expressed with Brn3 staining (i, j) in both the non-degenerated (g, i) and degenerated areas (h, j) of the retina. Both the non-degenerated and degenerated areas showed an increase in GFAP staining (k, l), and there were no TUNEL-positive cells in either area (m, n). Next to all figures, three times enlarged figures (the part of dashed yellow box of a~n) are shown (a'~n'). 
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of the retina (Fig. 3s) . Additionally, eyes injected with 0.3 mg of MNU showed a loss of the photoreceptor layer (Fig. 3o) .
Localized retinal degeneration induced by a 0.2 mg Nmethyl-N-nitrosourea injection with vitrectomy
Based on our dose-dependence study, 0.2 mg/0.05 ml of MNU was chosen for further investigation. Six weeks after a 0.2 mg MNU injection, outer RD had developed in all of 10 rabbits.
All 10 rabbits showed hyper-AF with or without a linear hyper-AF border in the AF image and significant retinal changes in OCT in the hyper-AF lesion (Fig. 4a~4d) . The disruption of the outer retina and retinal thinning were detected in the degenerated area. All of the degenerated retinal area was predominantly localized on the inferior retina within a measurement of one-disc diameter from the optic disc, and about two-thirds of inferior retina was degenerated. All the ERG responses were within the normal range despite the localized degeneration (Fig. 4e) . The non-degenerated and degenerated areas showed a difference upon histological examination (Fig. 5 ). In the non-degenerated area, H&E stain showed normal retinal structure (Fig. 5a ) and peanut agglutinin (PNA), Rhodopsin, PKCα, and Brn3 staining showed intact retinal cells, which were cone photoreceptors, rod photoreceptors, bipolar cells, and ganglion cells, respectively (Fig.  5c, 5e, 5g, and 5i) . However, in the degenerated area, H&E staining showed that the outer retina layer was disrupted (Fig. 5b) ; cone and rod photoreceptors were also decreased according to PNA and Rhodopsin staining ( Fig. 5d and 5f ). However, bipolar cells and ganglion cells were still intact according to PKCα and Brn3 staining in the degenerated area ( Fig. 5h and 5j ). Both non-degenerated and degenerated areas showed an increase in GFAP staining ( Fig.  5k and 5l) , and there were no TUNEL-positive cells in either case ( Fig. 5m and 5n ).
Quantitative comparison of N-methyl-N-nitrosourea injection between non-vitrectomy and vitrectomy group
We compared dose-dependence effect of MNU between non- vitrectomy and vitrectomy group (Fig. 6 ). With vitrectomy, retinal thinning induced by 0.2 mg MNU injection showed significant difference among all other doses (0.1 mg, 0.3 mg, and 0.5 mg) and dose-dependence curve was very well fitted with sigmoid curve (goodness of fit R 2 =0.99; Fig. 6c right) . On the contrary, without vitrectomy, there was no difference in retinal thinning between 0.2 mg and 0.3 mg injection (p>0.05; Fig. 6a) . Therefore, the dosedependence curve was not well fitted (Fig. 6c left) . In comparison of 0.2 mg injection between non-vitrectomy (n=7 rabbits) and vitrectomy (n=7 rabbits), non-vitrectomy rabbits showed more retinal thinning than vitrectomy rabbits (Mean±S.D.; 0.43±0.14 vs. 0.35±0.10; p<0.01; Fig. 6b ). The possible explanation of this difference will be discussed in discussion section.
Light-evoked RGC responses in non-degenerated and degenerated retinal patches
We recorded light-evoked responses both in degenerated and non-degenerated retinal areas using a multichannel recording system (Fig. 7) . All of the details on how to prepare an ex-vivo retinal patch and multichannel recording system have been described in our previous papers [29] [30] [31] [32] . With full-field illumination of a rabbit retinal patch mounted on a multielectrode array, light-evoked retinal ganglion cell (RGC) responses were well-categorized as ON-cell and OFF-cell in the non-degenerated retinal area ( Fig.  7a and 7b) . However, in the degenerated retinal area, there was no light-evoked response (Fig. 7c) .
DISCUSSION
In this study, localized outer RD was consistently induced only with intravitreal injection of MNU after vitrectomy. Without vitrectomy, the degree of RD was unpredictable and dose-independent. From the initial dose-dependence study investigating MNU dose, an MNU dose of 0.2 mg/0.05 ml was chosen as optimal and an injection of this amount was shown to induce localized outer RD in all rabbits (n=10). We identified and confirmed the localized outer RD with morphological assay.
Morphological identification of retinal degeneration induced by N-methyl-N-nitrosourea injection
In this study, we used ultra-wide FP and AF imaging to evaluate whether the induced RD was global or localized (focal). Localized hyper-AF changes were detected in all wide-field fundus images (Fig. 4b) . Because every outer RD zone was located around the optic disc, 55-degree OCT and its infrared image locating the inferior disc margin of the rabbit retina at the 12 o' clock direction of the image border could successfully detect the retinal degeneration zone. Intravitreal MNU injection-induced outer RD and the change in the retina found via OCT was confirmed through histological examination with immunohistochemistry in this study (Fig. 5) . GFAP staining shows expression at the end feet of Müller cells and expression increases in retinal injury or inflammatory conditions, therefore, GFAP is a representative marker for retinal Effects of Vitrectomy on MNU-induced RD injury or stress [33] . In our study, GFAP staining was increased in both the non-degenerated and degenerated areas in the ganglion cell, inner plexiform, and inner nuclear layers, and it seems that the performance of vitrectomy and intravitreal injection caused retinal stress and induced fibrosis and proliferation of glial cells, regardless of degeneration [34] .
Physiological identification of retinal degeneration induced by N-methyl-N-nitrosourea injection
The ERGs of albino rabbits presented significantly larger amplitudes in scotopic, photopic, and flicker responses compared to those of pigmented rabbits. This finding might be attributed to the greater availability of light due to scatter and reflection at the retinal layer in albino rabbits [35] . Rösch et al. reported that a complete loss of ERG potentials was observed in two of three pigmented rabbits after an MNU injection of 3 mg/kg body weight (BW) [26] . On the contrary, in this study, the ERGs of 0.2 mg of MNU injected-white rabbit eyes presented no significantly abnormal findings. There was intact retinal area in the sectoral geographic degeneration type and the normal response to light was possibly evoked from that intact part of the retina. Therefore, our scotopic and photopic ERGs showed normal waveforms (Fig. 4e) . In a future study, we will use multifocal ERG recording to show focal retinal changes in response to light.
To confirm selective photoreceptor layer loss in our 0.2 mg MNU-induced RD model, we recorded light-evoked responses both in degenerated and non-degenerated retinal areas using a multichannel recording system (Fig. 7) . Our ex-vivo functional study with multielectrode array clearly showed that in the degenerated retinal area, there was no light-evoked response (Fig. 7c) , which represents strong evidence for the functional loss of photoreceptors.
Advantage of intravitreal injection of N-methyl-N-nitrosourea with vitrectomy
Subretinal injection can also be used to induce a focal RD model [36, 37] . However, it is difficult to insert the cannula near the optic disc or visual streak, and subretinal injection induces focal degeneration as well, as the eyeball is a closed organ and permits very a narrow degree of intraocular pressure change without vitrectomy. On the other hand, the localized application of MNU through intravitreal injection after vitrectomy has advantages. First, it spares the untreated eye and avoids unwanted systemic side-effects. Second, when the vitrectomy is performed, intravitreal injection induces relatively wider localized RD compared to subretinal injection. Third, it is easier to do research on the effects of intravitreal injection in any kind of animal model.
The difference between our research and Rösch et al. ' s [26] study was the effects of vitrectomy on MNU-induced RD. Although they tried hard to control the dose-dependent MNU effect by using MNU doses from 1 mg to 6 mg/BW, without vitrectomy, they never succeeded in inducing consistent changes among different rabbits. The injection of 3 mg/kg BW of MNU only induced selective photoreceptor degeneration. However, even with an MNU injection of 3 mg/kg BW, the degree of degeneration varied between different parts of the same retina and between the retinas of different animals. Based on their study, it seems that the degree of RD could not be controlled by injected MNU dose without vitrectomy and that RD was induced in a very restricted retinal area. In our study, by performing pars plana vitrectomy prior to intravitreal MNU injection, we could induce dose-dependent-localized outer RD with solid reproducibility and a relatively large-sized (about two-thirds of the inferior retina)-localized outer RD (Fig. 6) . We also analyzed the degree of localized degenerative change through ultra-wide-field color FP, AF, and OCT images without sacrifice of the animal. Therefore, we can recognize how diffuse and wide the localized degenerative area in the retina is after intravitreal injection. About two-thirds of the inferior retina was degenerated in all our cases. With vitrectomy, the vitreous, which might act as a diffusion barrier, was eliminated and the unreliable diffusion of MNU might have been decreased; therefore, a quite consistent degree of outer RD was induced [38, 39] . Our result shows that 0.2 mg MNU injection in non-vitrectomy rabbits induced significantly more retinal thinning than that in vitrectomy rabbits (Fig. 6b) . Due to unreliable diffusion of MNU, MNU may be very focally localized in non-vitrectomy rabbits. Therefore, when we measured the retinal thickness, this poor diffusion may affect the percentile change of retinal thickness in non-vitrectomy group. While in vitrectomy group, RD was induced reliably in a dose-dependent way (Fig. 6c) and MNU injection induced a consistent degree of outer RD than non-vitrectomy group (smaller S.D. in Fig. 6b) .
Among 10 eyes of 10 rabbits after 0.2 mg/0.05 ml of MNU injection, cataracts caused by instrumental lens touch occurred in three out of the 10 eyes of 10 rabbits (30.0%) during vitrectomy and were found during the examination performed at six weeks after injection. Although the cataracts were brought on unintentionally, the shapes of the cataracts were in a wedge pattern, meaning that they were caused by vitrectomy rather than MNU toxicity. Moreover, signs of systemic toxicity such as weight loss or death were not found in any of our rabbits. Therefore, these findings showed the safety of the localized administration by intravitreal injection with MNU. 
Possible mechanism of N-methyl-N-nitrosourea for inducing retinal degeneration
MNU is an alkylating agent that targets photoreceptor cells and interacts with DNA to yield a variety of reaction products [15] . It has been reported that MNU induces the accumulation of intracellular calcium ions in the retina and induces calpain-dependent photoreceptor cell loss following intraperitoneal injection [40] . MNU leads to extensive oxidative stress in a dose-dependent manner, resulting in retinal photoreceptor degeneration. Although the mechanism of MNU-induced photoreceptor cell loss is not fully understood, an animal model with MNU-induced RD through intravitreal injection after vitrectomy can be widely useful as an RD model for the investigation of visual prosthetics or other treatment studies.
